Abstract-The reliability and performance of contact-mode microelectromechanical systems (MEMS) depend strongly on the tribological properties of contact interfaces. Knowledge of the dominant friction and wear mechanisms at submicrometer length scales is therefore of paramount importance to the design of MEMS devices with contact interfaces. The objective of this study was to examine changes in the adhesion behavior and morphology of sliding sidewall surfaces of polycrystalline silicon MEMS devices operated in high vacuum (∼10 −5 torr) and under low apparent contact pressures (0.1-18 kPa) and correlate these changes to the operation lifetime. Sidewall adhesion increased with applied contact pressure. Typically, a twofold to fourfold increase in sidewall adhesion was measured upon cessation of the device operation (typically, ∼10
I. INTRODUCTION

M ICROELECTROMECHANICAL SYSTEMS (MEMS)
fabricated by low-cost batch processing are used in a wide range of consumer products and defense/space applications, such as chemical, pressure, and acceleration sensors, optical switches, inkjet printer heads, and liquid-crystal display projectors [1] . Many of these microdevices (e.g., micromotors [2] , microswitches [3] , and digital micromirrors [4] ) contain components with load-bearing contact interfaces. As a result of the large surface-to-volume ratio of the microstructures comprising these systems, failure is controlled by micro-/nanoscale surface damage (wear) processes [5] , [6] . Because surface interactions assume a dominant role at small length scales, adhesion, electrostatic, and friction forces may exceed inertial forces by several orders of magnitude. Since microstructure, topography, and damage features, such as grains, asperities, and wear debris, respectively, can be of the same order of magnitude as some of the device dimensions (e.g., thickness), changes in the surface topography and formation of fine wear debris may alter significantly the tribological characteristics and, in turn, the device reliability and operation lifetime. Alteration of the adhesion, friction, and electrical characteristics by micro-/nanoscale wear processes could be detrimental to the device functionality and efficiency. Despite significant progress in fabrication processes and design of agile MEMS devices [2] , the operation lifetime of such microsystems is still limited by excessive adhesion forces, high wear rates, and rapid evolution of contact fatigue [6] , [7] . Cessation of the microdevice operation due to surface degradation and lack of insight into the underlying failure mechanisms are major obstacles, limiting the application range of MEMS.
In contact-mode microdevices, contact stresses should ideally be relatively low to prevent surface damage during operation. In addition, to avoid detrimental environmental effects, devices must be hermetically packaged in vacuum or inert gas atmospheres. However, despite an increasing technological interest on the tribological behavior of MEMS operating under these conditions, there is only a limited amount of data available in the high-vacuum/low-contact-pressure range of operating parameters of contact-mode microdevices. Although multiasperity contact phenomena in micromachined polycrystalline silicon (polysilicon) have been investigated extensively using on-chip device testing under controlled contact load and environmental conditions [8] - [26] , tribological studies for highvacuum/low-contact-pressure conditions are sparse. It has been reported that wear of polysilicon in vacuum commences with the removal of the native oxide layer, followed by asperity fracture or grain pull-out of the exposed silicon surface [27] . Longer lifetime of lateral motors has been reported for operation in air than in vacuum for contact loads in the micronewton-newton range [28] , [29] . The static friction coefficient of polysilicon contact-mode microdevices operated in vacuum under loads in the micronewton range has been reported to increase nonlinearly with the apparent contact pressure [30] . Surface micromachines suitable for studying sidewall adhesion under much lighter loads (in the nanonewton range), resulting in mean contact pressures on the order of kilopascals, were used to study the contribution of contacting and noncontacting asperities to the total adhesion force [31] , [32] and measure the true static coefficient, which includes contributions from both van der Waals and capillary forces to the applied normal load [33] . Insight into the wear behavior of sidewall surfaces has been obtained from transmission electron microscopy (TEM) studies of collected wear debris and by monitoring the evolution of the static adhesion force in the course of oscillatory sliding contact of devices operated in high vacuum under relatively high contact pressures [34] .
A review of the literature suggests that basic understanding of multiasperity contact interactions in contact-mode MEMS devices operated in high vacuum and under low contact pressures is limited. Therefore, the objective of this study was to investigate the high-vacuum tribological behavior of polysilicon sidewall surfaces subjected to apparent contact pressures of a few kilopascals. The adhesive contact pressure was used as an in situ indicator of the evolution of the surface morphology during reciprocating sliding of the sidewall surfaces. Changes in the surface morphology after a given number of sliding cycles and insight into the governing wear process were obtained from scanning electron microscopy (SEM), TEM, and atomic force microscopy (AFM) studies. Results and interpretations presented hereinafter are directly applicable to the design and fabrication of reliable polysilicon devices possessing contact interfaces.
II. EXPERIMENTAL PROCEDURES
A. Fabrication and Description of Testing Microdevice
On-chip n + -type polysilicon MEMS devices, specifically designed for sidewall friction and wear testing [31] - [33] , were fabricated by the PolyMUMPs fabrication process [35] . Polysilicon layer deposition and etching were accomplished by lowpressure chemical vapor deposition and reactive ion etching, respectively. After the removal of the photoresist by two 25-min acetone baths, the devices were released by rinsing with isopropanol and drying in air. The die was then submerged into a bath of 49% buffered hydrofluoric acid for 2.5 min and, subsequently, rinsed with deionized water for 10 min and isopropyl alcohol also for 10 min. To eliminate device stiction due to liquid meniscus formation, the final step of the release process comprised carbon dioxide supercritical point drying.
The test device consists of two suspended shuttles, referred to as the loading and sliding shuttles, driven laterally by electro- static comb drives [ Fig. 1(a) ]. First, normal contact between the sidewall surfaces was established by applying a dc bias voltage to the comb drive of the loading shuttle in order to push it against a protrusion of width equal to 5, 10, or 20 μm extending from the sidewall surface of the sliding shuttle [ Fig. 1(b) ]. Then, oscillatory sliding contact was initiated by applying sinusoidal ac signals to the comb drive of the sliding shuttle, causing the protrusion to slide against the sidewall surface of the loading shuttle. Relationships of the forces acting during sliding contact [ Fig. 1(b) ] and the true and engineering friction coefficients can be found in previous publications [15] , [31] - [34] .
B. Experimental Apparatus
Adhesion and sliding tests were carried out with a multiprobe vacuum station (MMR Technologies) mounted on a vibration isolation table (Newport Electronics). Voltages were applied to the comb drives and the shuttles through tungsten probe tips connected to dc power sources (Agilent E3612A). The oscillatory movement of the sliding shuttle was monitored with a stereomicroscope (Olympus SZ-CTV series). Digital images were obtained with a charge-coupled-device camera (Sony DXC-390P). With the present optical system, device displacements as small as ∼ 0.3 μm could be detected, which was sufficient for the tests of this study. All tests were performed under a chamber pressure of ∼10 −5 torr, a temperature between 20
• C and 30
• C, an oscillation frequency fixed at 25 Hz, and a normal load varied in the range of 11-145 nN, with a corresponding mean (apparent) contact pressure range of 0.1-18 kPa. Typical peak-to-peak sliding amplitudes were in the range of 3-8 μm. Since a sliding cycle is equal to two times the peak-to-peak amplitude, the sliding speed was varied between 150 and 400 μm/s. Additional details about the operation of the test device used in this investigation can be found elsewhere [31] - [34] .
C. Microanalysis Techniques
Changes in the surface morphology and formation of wear debris on the sliding sidewall surfaces were observed with a scanning electron microscope (Zeiss Supra 55VP) and a dual-beam focused-ion-beam (FIB) system (FEI Strata DB235) operated at 5 kV. More detailed information of the sidewall surface topographies was obtained with an atomic force microscope (Veeco Digital Instruments Nanoscope IIIa) operated in noncontact mode, using single-crystal Si tips of nominal radius of curvature equal to 5 nm (Nanoworld Pointprobe). Horizontal cross sections of the near-surface microstructure of sidewall surfaces were examined by analytical TEM and energy-filtered TEM using a 300-kV JEOL 3010 (with LaB 6 filament) and a 200-kV Philips CM200FEG (field emission gun) equipped with a Gatan image filter, respectively. AFM and TEM samples were prepared with the previously mentioned dual-beam FIB using a tungsten micromanipulator (Omniprobe) ( Fig. 2 (e) and (f)] to electron transparency (∼100 nm) was performed after the deposition of protective Pt layers onto the surface exposed to the ion beam. First, a Pt layer was deposited by electron-beam evaporation to protect the sample from damage during ion-beam deposition of a second thicker layer. To thin down the sample, slices perpendicular to the sliding surface were milled off, starting from the side of the sample protected by the Pt layer, i.e., opposite to the side that had been in sliding contact [ Fig. 2(f) ]. This was necessary to prevent ion implantation during thinning and subsequent damage of the sliding surface. The drawback of thinning from the opposite side is that some material may be redeposited on the side of interest. For the final thickness of the TEM sample, the sampling percentage of the total apparent area of contact was 5%, which is significantly larger than the typical real-to-apparent contact area ratio, implying that any global wear within the surface layer should be visible in the TEM sample.
AFM samples were prepared by FIB sample preparation techniques similar to that of the TEM samples [ Fig. 2 (a) and (b)]. However, in contrast to the TEM samples for which the grids were placed horizontally, the TEM copper grid of the AFM samples was positioned vertically before the sample attachment [ Fig. 2 (g) and (h)]. The grid was then placed horizontally to orient the sidewall surface in the upward direction for subsequent AFM imaging. Surface height data obtained with the AFM were used to calculate the root-mean-square (rms) roughness and the power spectral density (PSD) function of sidewall surfaces scanned before and after testing. AFM images (512 × 512 pixels) of 2 × 2 μm 2 surface areas were analyzed by 512 line scans obtained along the sliding direction. To evaluate topographical differences in the sliding direction, PSD functions of the slid surfaces were then obtained as averages of the PSD functions determined from the aforementioned line scans. To further examine nanotopography differences between the sliding and the original surfaces, standard deviations of corresponding PSD functions were contrasted in the lowwavelength range. Fig. 3 shows the variation of the mean adhesive pressure (defined as the measured adhesive force divided by the apparent contact area between the protrusion of the sliding shuttle and the sidewall surface of the loading shuttle) with sliding cycles for mean contact pressure in the range of 0.98-17.8 kPa. The statistical results shown in this figure were obtained from four devices. Each point represents the mean value of 25 measurements, i.e., five adhesion measurements obtained from five different locations of the sliding track of each device operated for a given number of sliding cycles. Thus, error bars represent local experimental scatter as well as location-to-location scatter along the sliding track. The general trend is for sidewall adhesion to increase with both sliding cycles and mean contact pressure. For all contact pressures, a fairly stable adhesive behavior was observed up to ∼10 5 sliding cycles (incubation period), followed by an increase in adhesive pressure by a factor of two to four (depending on the mean contact pressure) in the range of 10 5 -10 6 sliding cycles, with the eventual cessation of the oscillatory movement (stiction) of the device sliding under the highest contact pressure (17.8 kPa). Fig. 4 shows the dimensionless stick position of 15 devices for a mean contact pressure in the range of 0.98-17.8 kPa. The dimensionless stick position is defined as the ratio of the position of the sliding shuttle at the instant that oscillatory movement ceased to the oscillation amplitude at the onset of sliding under a given mean contact pressure. Two interesting trends can be identified: 1) 11 (77%) of the devices ceased sliding within the center region of the oscillation amplitude (i.e., within ±30% of the dynamic amplitude measured from the rest position), and 2) variation of the mean contact pressure by more than an order of magnitude did not change the general trend of device stiction to occur within the center region of the sliding track. Plotting these data in the form of a histogram yielded a fairly symmetric distribution of devices that ceased sliding due to stiction at about the zero-amplitude point, confirming the general trend revealed by the results shown in Fig. 4 .
III. RESULTS
A. Adhesion and Dynamic Friction
The relation between adhesion and stick position was further examined by measuring the mean adhesive pressure at different distances from the zero-displacement point as a function of sliding cycles. This involved interrupting each test after a given number of sliding cycles, displacing the sliding shuttle from the zero-amplitude position to the desired position by applying a dc bias voltage (referred to as V shear ) to the comb drive of the sliding shuttle, and measuring the adhesive pressure as described previously. Representative results from these experiments are shown in Fig. 5 . Generally higher adhesion and/or faster increase in adhesion were found within the center region of the sliding track (−2 V ≤ V shear ≤ 2 V), revealing a correlation between the increase in adhesive pressure and failure (stick) position.
Among the 32 devices tested, three devices (∼9%) did not stick even after 10 7 sliding cycles (at which instant sliding was terminated), four devices (∼13%) failed before reaching 10 5 sliding cycles, and 25 devices (∼78%) ceased movement after 10 5 -10 7 sliding cycles. For the latter devices, the average number of sliding cycles to stiction was equal to ∼ 2 × 10 6 , regardless of the mean contact pressure. The sliding cycles to stiction of devices operated in the mean contact pressure ranges of 1-2, 2-4, 4-10, and 10-18 kPa varied by a factor of approximately ten, indicating significant device-to-device variation.
The engineering and true friction coefficients for mean adhesive pressure between 7.15 and 12.87 kPa measured before sliding and after stiction are given in Table I . The data represent averages of five measurements obtained with the same device for a given mean adhesive pressure. Changes in the engineering friction coefficient from the onset of sliding up to the instant of stiction do not show a consistent trend. This is attributed to the significant contribution of the adhesion force to the total normal force at relatively low and moderate contact pressures [33] , which is not included in the calculation of the engineering friction coefficient. Conversely, the true friction coefficient, which includes the effect of the adhesive force [33] , measured after stiction is consistently lower than that measured before sliding. Although the change in the true friction coefficient indicates that sliding induced surface changes, the directly measurable parameter that dominates the true coefficient of friction is the adhesive force. Therefore, the mean adhesive pressure is a suitable parameter for tracking surface changes during oscillatory sliding contact.
B. Sidewall Surface Morphology
SEM images of sidewall surfaces obtained before sliding revealed the presence of small amounts of surface contaminants [ Fig. 6(a) and (b) ]. Clearly contrasting wear debris was found on some of the sliding sidewall surfaces [ Fig. 6(d)-(f) ], in addition to surface contaminant particles that had survived surface rubbing [see the inset in Fig. 6(c) ]. This suggests that a wear-debris-generating mechanism was active during sliding. However, as observed by SEM, sliding did not produce any other discernible surface changes, such as pits or microcracks. The surface dimples shown in Fig. 6 (e) and (f) were also observed on the as-fabricated sidewall surfaces. Wear debris was usually only present in one or two locations and mostly in very small quantities [see the insets in Fig. 6(d)-(f) ]. Wear debris observations made with devices tested under various contact loads (pressures) and for different durations are summarized in Table II . Among the 26 devices inspected, 11 (42%) contained wear debris, with larger debris (50-140 nm) appearing to be agglomerates of smaller (10-50 nm) wear particles, which were not possible to be determined from the SEM images if they were also agglomerates of even smaller particles.
In addition to these types of wear debris, another type of surface particles was found not only after but also before sliding [see the insets in Fig. 6(a) and (b) ]. These particles were likely organic contaminants generated by the release process, which also includes the removal of a photoresist layer [35] . Energy dispersive X-ray spectroscopy (EDS) analysis of a large (several micrometers) cluster of this residue remotely from the sliding track and a clean area of the structural layer (reference spectrum) showed the presence of carbon and oxygen peaks only in the EDS spectrum of the contaminant cluster, indicating that it was most likely organic in nature. Although SEM imaging often results in carbon deposition onto the imaged surface, the distinct differences in the EDS spectra of the contaminant cluster and the reference surface in conjunction with the presence of oxygen are clear evidence of an organic contaminant residue. The SEM micrographs shown in Fig. 6 contain a horizontal etch line about halfway in all sidewall surfaces. The effect of this feature on the sidewall contact profile was analyzed using FIB cross sections. It was found that, although contact did not occur along the etch line over a region of ∼170 nm in height, (apparent) contact occurred over most of the rest of the 2-μm height of the sidewall surfaces. In the mean contact pressure calculations, an upper-bound apparent contact area that includes the full sidewall height was assumed. In addition, the tapering angle of the sidewall surfaces was found to be very small (∼ 2
• ).
C. Sidewall Surface Microstructure
Further insight into the formation of wear debris was obtained from horizontal TEM cross-sectional images of the sidewall surfaces. Fig. 7 shows typical bright-field and energyfiltered TEM images of oxygen distribution in horizontal cross sections of protrusions obtained before and after sliding. Table III shows a comparison between the global silicon oxide film thickness along the full length of the protrusions of three devices measured after sliding and that measured over a similar reference section outside the sliding track of the same device. In both cases, the sampling size represents 5% of the total apparent area of contact. These measurements show an average silicon oxide thickness of ∼9 nm before sliding and a similar thickness after sliding. In addition, the data given in Table III indicate that the silicon oxide film thickness was not affected by the external force (mean contact pressure) during sliding. These measurements indicate that the silicon oxide film thickness did not undergo discernible global changes even after (2−7) × 10 6 sliding cycles, despite the fact that wear debris was observed after sliding (Fig. 6 ).
D. Sidewall Surface Roughness and Spectral Power Density Function
In addition to electron microscopy, the evolution of the sidewall surface topography due to surface rubbing was studied with the AFM. The topography of the sidewall surface slid against the protrusion of a micromachine that did not show formation of wear debris was examined [ Fig. 8(a) ], and the rms roughness values inside and outside the sliding track (obtained as the average of seven and nine roughness values, respectively, calculated from 2 × 2 μm 2 AFM scan areas) were found equal to 11 ± 3 and 12 ± 2 nm, respectively. Two-dimensional profile traces [ Fig. 8(b) ] revealed that only a few raised ridges of the sidewall surfaces participated in sliding, indicating that the real area of contact was several orders of magnitude smaller than the apparent area of contact. This implies that any possible surface alterations were confined at the tops of few raised ridges.
Despite the fact that surface sliding was confined at the highest ridges of the sidewall surfaces, AFM examination of the nanotopographies of ridges inside and outside the sliding track did not reveal any discernible differences. However, PSD plots obtained from 2 × 2 μm 2 AFM scans revealed fine topographical differences between the sliding track and the original surface. The PSD intensity at the center region of the sliding track demonstrated a decreasing trend in the lowwavelength range [ Fig. 9(a) ] compared to that of the original surface [ Fig. 9(b) ]. The decrease in PSD intensity in the lowwavelength range suggests that topography changes due to surface sliding were nanoscopic. This implies that localized smoothening of the sliding track nanotopography was induced by a nanoscale wear process. To further illustrate that sliding indeed altered the nanotopography, standard deviations of the PSD functions shown in Fig. 9 (a) and (b) plotted in the lowwavelength range (10 −1 −10 −2 μm) are contrasted in Fig. 9(c) . The higher standard deviation of the PSD function of the sliding track than that of the original surface indicates a consistently higher variability in surface feature sizes in the low-wavelength range of the sliding track topography. This is further evidence that a nanoscale wear process (not detectable even at high magnifications) was responsible for the observed nanoscopic surface changes that resulted in the increase of the adhesion force and ultimate cessation of the device movement.
IV. DISCUSSION
The results presented in the previous section indicate that localized changes in the nanotopography of the sliding surfaces may exhibit a profound effect on the adhesion characteristics of contact-mode MEMS devices operated in high vacuum. Nanoscale surface changes were tracked by observing the evolution of the apparent adhesion force (mean adhesive pressure) with the number of sliding cycles. The observed friction and wear behaviors of the sliding sidewall surfaces can be interpreted in the context of a mechanistic process, based on the measured adhesion force and SEM, TEM, and AFM observations.
A. Adhesion and Device Failure
The increase in adhesion (Fig. 3 ) correlated with the increase in sidewall surface friction ( Table I ), indicating that surface modification occurred during sliding despite the low contact pressure, ultimately causing the device to cease movement. The adhesion increase with contact pressure (Fig. 3) is attributed to the increase of the real area of contact and is consistent with similar observations of an earlier study [30] . The increase of the mean contact pressure resulted in a more pronounced increase in adhesive pressure (Fig. 3) . This can be associated with more extensive surface modification due to the intensification of surface interaction with the increase of the contact pressure. This trend is similar to that encountered in traditional tribology, i.e., the wear volume increases with the applied normal load, known as Archard's wear law [36] , [37] .
For most of the tested devices, operation ceased around the neutral position of the sliding shuttle (i.e., approximately zero amplitude), independent of the contact pressure applied during sliding (Fig. 4) . Moreover, the average number of sliding cycles for the device movement to cease (stiction) did not correlate with the mean contact pressure, suggesting a similar failure mechanism in all the experiments and that the highest adhesion (or adhesion increase) predominantly occurred within a relatively small distance from the neutral position. This was confirmed by observing the evolution of the adhesive pressure at various positions along the sliding track (Fig. 5) . The tendency for stiction to occur around the zero-amplitude position can be explained by considering the forces acting on the sliding shuttle at zero-and maximum-amplitude positions. At zero-amplitude position, the restoring force is zero and the tangential force (opposed by the friction force) is the maximum electrostatic force generated by the comb drives of the sliding shuttle. However, maximum restoring and electrostatic forces of equal magnitude are produced at maximum-amplitude position. Because the resulting tangential force in this case is about two times higher than that at zero-amplitude position, it is more likely for device stiction to occur within the center region of the sliding track, as evidenced from the data shown in Fig. 4 .
B. Surface Morphology and Wear Mechanisms
Despite the evidence that nanoscale surface changes were responsible for the cessation of the device operation (Figs. 3-5) , it was not possible to identify directly the surface morphology that governed device failure due to stiction. Although wear debris was found on the sidewalls of 42% of the tested devices ( Fig. 6 and Table II), wear particles were not observed with all devices, or they were of extremely small quantities. In addition, changes in surface roughness due to sliding were statistically insignificant, and the thickness of the silicon oxide surface layer did not show a clear trend to decrease even after (2−7) × 10 6 sliding cycles ( Fig. 7 and Table III) . However, these results cannot accurately reveal nanoscale topography changes in a few random locations. For example, local wear of the oxide layer could have been obscured by the inherent variation of its thickness (Table III) . The presence of wear debris in 42% of the tested devices observed with the SEM (Fig. 6 and Table II) and the fact that any discernible changes in surface morphology were not detected by the TEM (Fig. 7 and Table III) are evidence of a random local wear process operating at the nanoscale. This conclusion is also supported by the decrease of the sliding track's PSD intensity in the lowwavelength range [ Fig. 9(a) ] and its larger variation along the sliding direction [ Fig. 9(c) ], indicating that localized surface smoothening occurred by a nanoscale wear process. Furthermore, because both AFM and TEM sample preparations are destructive processes (Fig. 2) , these methods do not allow for direct comparison of exactly the same sidewall area before and after sliding. Therefore, it is extremely difficult to accurately capture changes in nanoscale surface morphology due to a random nanoscale wear process.
An important deduction from the lack of significant average wear of the silicon oxide layer (Fig. 7 and Table III) is that wear occurred within the silicon oxide layer and not in the polysilicon. Because of galvanic oxidation of devices containing goldcoated features during the HF release step of the PolyMUMPs process [38] - [40] , these oxide layers are thicker [∼9 nm, as shown in Fig. 7(c) and (e)] than typical native oxide layers of polysilicon surfaces (typically, ∼3 nm thick [39] ). Thus, if the oxide layer was worn off during sliding, it would have regenerated as an ∼3-nm-thick native oxide layer. However, this is not the case, as evidenced in Fig. 7 and Table III . Because an oxide layer thicker than the native oxide layer and wear debris were found on the sidewall surfaces after sliding, it is concluded that wear was confined at the surface of the thermal silicon oxide layer. The absence of wear-induced surface pits and scars on the sidewall surfaces [Figs. 6 and 8(a)] indicates that local nanoscale wear of the silicon oxide layer was the governing process of material removal under the present sliding conditions. In about half of the tested devices, small wear particles [ Fig. 6(d) ] were observed to cluster, forming larger agglomerates [ Fig. 6(f) ]. From a MEMS design point of view, this implies that, for contacting polysilicon surfaces under low contact pressure, the tribological behavior of the silicon oxide layer is of critical importance, even after a large number of sliding cycles. In addition to nanoscale wear of the silicon oxide layer, the removal and/or smoothening (smearing) of the organic contaminant detected on the sidewall surfaces [ Fig. 6(a)-(c) ] is potentially another mechanism that could have contributed to the increase in sidewall adhesion, leading eventually to device failure due to stiction. Both of these morphological effects are highly localized and differ from device to device, yet they control the tribological behavior of the sidewall surfaces. This argument is supported by the following: 1) the lack of measurable changes in the average surface morphology, despite the fact that wear debris was found on almost half of the tested devices; 2) the occurrence of sliding contact at only few small surface regions at the top of raised ridges on the sidewall surfaces [ Fig. 8(b) ]; 3) the spatial variation of adhesion within the sliding track (Fig. 5) ; and 4) the relatively large scatter in the operation life of the tested devices (10 5 -10 6 sliding cycles). Comparing the results of this study with those of previous studies obtained in vacuum but under higher contact loads (pressures) [27] , [28] , [34] , the devices of the present study show virtually no wear debris and no discernible changes in surface morphology. Despite the lack of clear surface degradation [Figs. 6, 7 , and 8(a)], it is apparent that surface modification occurred during the several million sliding cycles (Fig. 9) , leading to cessation of the device movement (Figs. 3-5 ). These findings suggest that alteration of the sidewall surface morphology and, presumably, physicochemical properties, even under very mild contact conditions, may be the governing factor in the lifetime of contact-mode MEMS devices. The results of this study show that these technologically important low-contactpressure conditions may lead to extremely small (nanoscopic) changes in surface morphology, which can only be detected by very detailed characterization, making large-scale routine morphological inspection of these surfaces a nontrivial challenge.
V. CONCLUSION
Changes in the adhesion and morphology of sidewall surfaces of polysilicon MEMS devices operated in high vacuum (∼10 −5 torr) and under relatively low apparent contact pressure (∼1-18 kPa) were examined in the context of mean adhesive pressure, coefficient of friction, and device lifetime measurements as well as microanalysis results. Despite the low apparent contact pressures, sidewall adhesion increased during oscillatory sliding, eventually leading to cessation of the device movement (stiction), mainly within the center region of the sliding track. The adhesion force after the instant of stiction (typically, after ∼10 6 sliding cycles) was found to be higher than that of the original surface by a factor of two to four.
Very small amounts of fine debris (10-140 nm in average size) were observed on the sidewalls of about half of the tested devices without any discernible changes in surface morphology. In addition, organic contaminants from the release process were detected before and after sliding. The average thickness of the silicon oxide surface layer (∼9 nm), measured by crosssectional TEM, did not show any decrease as a result of sliding, indicating that a localized nanoscale wear process was active at the surface of the silicon oxide layer.
AFM studies of the sidewall morphology revealed that only a few raised ridges were in contact during sliding. Power spectrum density analysis showed that sliding induced nanoscale surface smoothening of those ridges. These findings indicate that a random nanoscale wear process, confined at the surface of the thermal silicon oxide layer, was responsible for the observed localized smoothening of the surface nanotopography. Despite the lack of any detectable wear features on the sliding surfaces, this nanoscale wear process increased the interfacial adhesion, leading eventually to device stiction. These nanoscale changes in surface morphology indicate that adhesion and wear were determined by only a few nanoscopic contacts that were strongly dependent on the local topography. This explains the significant scatter in the number of sliding cycles leading to device failure (stiction) and suggests that, even under very low contact pressures and high-vacuum conditions, the lifetime of contact-mode polysilicon MEMS devices may be limited by surface adhesion effects.
